Introduction
The characteristics of transient perturbations of a floor supporting stationary standing 82 subjects have been reported in terms of the peak velocity or peak displacement. 10, 11 Some 83 suggest that perturbations are better quantified by acceleration because this provides the 84 destabilizing input to the postural control system and because stabilizing joint moments are 85 triggered in response to acceleration 12, 13 , although the kinetics of postural recovery have been 86 reported to depend on the velocity of platform motion. 14 Apart from quantifying motions to predict walking instability, discomfort or difficulty, 91 postural stability research has also sought metrics to identify walking balance. Understanding 92 how people maintain stability when walking, particularly when exposed to perturbations, is 93 key to preventing falls, but there is no universally accepted measure of stability. Studies of 94 perturbed walking have identified perturbation-induced changes in specific measures of 95 walking stability. Trunk sway and gait variability measures of mediolateral kinematics while 96 walking have been found to be frequency-dependent and sensitive to visual stimuli 21 . Foot 97 placement as quantified by step width and step length variability and variability in postural 98 sway were greater during perturbation than during normal walking 21 . The 'margin of stability' 99 as a metric to identify postural stability has been defined as the distance between a velocity 100 adjusted or 'extrapolated' position of the COM (center of mass) and the edge of an individual's 101 BOS (base of support) at any given instant in time 22 . A similar metric is used to identify 102 walking stability when exposed to visual or platform oscillations in anterior-posterior and 103 mediolateral directions 23, 24 . During normal walking, the velocity of the centre of pressure 104 (COP) velocity follows a predictable pattern and has been suggested as a potentially useful 105 measure in gait research 25 . Although an increase in COP velocity is associated with decreased magnitude, postural stability would decrease (as measured subjectively by self-reported 115 probability of losing balance and objectively by measures of COP) as the peak magnitude of 116 the oscillations increased. Similarly, it was hypothesized that within acceleration waveforms 117 having the same duration, same frequency, and same peak magnitude, postural stability would 118 decrease with increasing r.m.s. magnitude of the oscillations. Motions with different frequency 119 but the same r.m.s. velocity and the same peak velocity (and therefore the same crest factor) 120 were expected to produce similar postural instability 15 . Mediolateral COP velocity was 121 expected to increase during perturbed walking due to stepping reactions to recover from 122 postural instability caused by the perturbations. or Posterior Neoplasms; musculoskeletal problems in the back or lower limbs) or using drugs 134 that may affect postural stability (benzodiazepines and/or triazolam)). Informed consent was 135 obtained prior to participation in the experiment that was approved by the Human 136 Experimentation Safety and Ethics Committee of the Institute of Sound and Vibration Research.
137
Apparatus: A treadmill (Kistler Gaitway®) incorporating eight force sensors was used 138 to provide the walking task and measure vertical ground reaction forces. Subjects were secured 139 by a loose safety harness that did not restrict walking but prevented knees and hips contacting 140 the floor during a fall ( Fig. 1 ). Although hand supports were available, subjects did not use 141 them during the experiment -the effects of hand supports has been studied separately. 16 The Procedure: While walking on the treadmill, subjects were perturbed by mediolateral 151 oscillations of 8-s duration that were cosine tapered for 1.5 s at the beginning and the end.
152
The oscillatory motions were one-third octave bandwidth random motions centred on either 1 153 Hz or 2 Hz.
154
Each subject was exposed to 28 different test motions: seven different waveforms 155 having the same r.m.s. magnitude and seven different waveforms having the same peak 156 magnitude, at both frequencies (1 Hz and 2 Hz) ( Table 1 ). The seven different waveforms were 157 selected to have specific values for the crest factor (the ratio of peak value to the r.m.s. value 158 of the acceleration waveform): 1.6, 1.8, 2.0, 2.24, 2.5, 2.8, and 3.15. Motions at 1 Hz and 2 Hz 159 with the same crest factors had the same r.m.s. velocity and the same peak velocity, and were 160 expected to produce similar postural instability. 15 Examples of the waveforms centred at 1 Hz 161 are shown for these crest factors in Figure 2 .
162
The peak lateral acceleration of a train can only increase with an increase in the duration 163 over which the motion is measured, whereas the r.m.s. acceleration can increase or decrease 164 but mostly remains more-or-less constant. The crest factor of the acceleration therefore 165 increases as the duration of measurement increases. When measured over minutes or hours, the 166 crest factors in a train can be greater than studied here. However, when measured over any 8-s 167 period, the lateral acceleration of a moving train will normally have a crest factor within the 168 range of crest factors studied here (1.6 to 3.15).
FIGURE 2 ABOUT HERE 170
Subjects were asked to walk on the treadmill at a comfortable walking speed (0.7 ms -1 ) 171 throughout the experiment. This was the average comfortable walking speed preferred by 172 subjects in a preliminary study. 15 While subjects walked on the treadmill, oscillatory motions 173 of the simulator supporting the treadmill were applied in their mediolateral axis at random 174 unpredictable times. 175 Subjects were exposed to pairs of motion stimuli having the same frequency and 176 separated by a 10-s pause. The first stimulus, a reference motion, was a sinusoidal motion of 8-s duration with 1.5-s cosine tapering at either end. The crest factor of this motion measured 178 over 8 s was 1.6. The 1-Hz reference motion had a magnitude of 0.7 ms -2 r.m.s. and the 2-Hz 179 reference motion had a magnitude of 1.4 ms -2 r.m.s. Because these two reference motions had 180 the same r.m.s. velocity and the same peak velocity they were expected to cause similar postural 181 instability. 15 After experiencing the test motion, subjects were invited to rate the 'discomfort or 182 difficulty' in their walking task caused by the second motion, assuming the 'discomfort or 183 difficulty' caused by the first motion was 100. They were also asked to reply to the question:
184
"what is the probability that you would lose balance if the same test motion were repeated?'' 185 At each frequency, the experiment involved two parts ( all the motions were presented in a different random order to each subject. The order of 189 presenting the two parts was balanced across subjects. For convenience, the stimuli at each An example of the gait of a subject exposed to a one-third octave band of 1.0-Hz 204 mediolateral oscillation (0.7 ms -2 r.m.s. and 2.0 ms -2 peak) is shown in Fig. 3 . The COP position 205 shows the mediolateral location of the resultant of the ground reaction forces and is indicative 206 of mediolateral foot placement (Fig. 3a) . The COP velocity indicates the rate of change of COP 207 position (Fig. 3b ). The acceleration waveform of the mediolateral oscillation is shown in Fig.   208 3c.
FIGURE 3 ABOUT HERE 210
The dependence of postural stability on both the r.m.s. magnitude and the peak 211 magnitude of the oscillations was tested for both the subjective and the objective measures of 212 postural stability in terms of reported probability of losing balance, discomfort or difficulty 213 rating, and mediolateral COP velocity. Non-parametric statistical tests were performed using 214 SPSS (version 17), as the normality of the distribution could not be guaranteed with 20 subjects.
215
The Friedman analysis of variance tested for differences between multiple conditions and the 216 Wilcoxon matched-pairs signed ranks test investigated differences between pairs of conditions.
217
Associations between variables were investigated using Spearman's rank correlation.
218
The relation between 'discomfort or difficulty' ratings and the peak and r.m.s. 
Equation 2 224 where ψ is the sensation magnitude (i.e., 'discomfort or difficulty' rating), Φ rms is the r.m.s.
225
magnitude of the lateral acceleration of the treadmill, Φ peak is the peak magnitude of the 226 acceleration, krms and kpeak are constants, and npeak and nrms are the rates of growth of sensation 227 with respect to the peak acceleration and the r.m.s. acceleration.
228
Equations1 and 2 can be rewritten in logarithmic form:
229 rms log rms rms log log Φ n k = Ψ  Equation 3
230
Equation 4 231 By performing linear regression between the experimental values of log ψ and log φ, estimates 232 of the constants krms and kpeak and the exponents nrms and npeak were obtained for each subject.
233

Results
234
With acceleration waveforms having the same frequency and same r.m.s. magnitude, 235 postural stability decreased as the peak magnitude of the oscillations increased. With 1-Hz 236 oscillations, the reported probability of losing balance and the 'discomfort or difficulty' ratings increased with increasing peak acceleration (p<.01, Spearman; Fig. 4a,4b ) and the 238 peak mediolateral COP velocity also increased with increasing peak acceleration (p<.05, 239 Spearman; Fig. 4c ). With 2-Hz oscillations, the 'discomfort or difficulty' ratings increased 240 with increasing peak acceleration (p<.01, Spearman, Fig. 4d ), but there was no significant 241 change in the self-reported probability of losing balance (p=.157, Friedman, Fig. 4e ) or the 242 peak COP velocity (p=.258, Friedman, Fig. 4f ).
FIGURE 4 ABOUT HERE 244
With acceleration waveforms having the same frequency and same peak magnitude, Fig.5a , 5b, 5c, 5d, 5e and 5f).
249
During oscillation at 1 Hz or 2 Hz with any r.m.s. magnitude and any peak magnitude 250 of oscillation, the r.m.s. and peak COP velocities in the mediolateral direction were greater 251 than during normal walking without oscillation (p<.01, Wilcoxon, Fig. 4c, 4f, 5c and 5f ).
FIGURE 5 ABOUT HERE 253
The rates of growth of 'discomfort or difficulty' differed between 1-Hz and 2-Hz 254 oscillations according to whether the r.m.s. magnitude or the peak magnitude of the oscillations 255 was held constant. With 1-Hz oscillations, the rate of growth of 'discomfort or difficulty' with 256 increasing r.m.s. acceleration when the peak acceleration was held constant (nrms: median 0.597, 257 inter-quartile range 0.368 to 0.804) was not significantly different from the rate of growth with 258 increasing peak acceleration with the r.m.s. acceleration held constant (i.e.,npeak: median 0.508, 259 inter-quartile range 0.212 to 0.993) (p=.852, Wilcoxon). However, with 2-Hz oscillations, the 260 rate of growth of 'discomfort or difficulty' with increasing r.m.s. acceleration with the peak 261 acceleration held constant (i.e. nrms: median 0.844, inter-quartile range 0.678 to 1.215) was 262 significantly greater than the rate of growth with increasing peak acceleration with the r.m.s. Wilcoxon). The reduced rate of growth with increasing peak acceleration in the 2-Hz motions 265 is consistent with the absence of significant correlations between peak acceleration and both 266 the self-reported probability of losing balance and the peak COP velocity.
267
With the r.m.s. velocity of the pertubing motions the same at 1 Hz and 2 Hz, the reported 268 probability of losing balance was similar (p>.05, Wilcoxon, Fig. 6a ) and the mediolateral r.m.s.
FIGURE 6 ABOUT HERE 271
Subject stature and subject weight had no statistically significant effects on the 272 subjective or objective measures of postural stability used in the study. With sitting subjects exposed to complex waveforms with a fundamental frequency of 276 8 Hz and crest factors in the range 2.1 to 8.5, Griffin and Whitham found that motions with the 277 same r.m.s. magnitude caused more discomfort when the peak magnitudes were greater (i.e.
278
when the crest factor was greater). 4 Increasing discomfort with increasing crest factor with 279 unchanged r.m.s. values has also been reported by Howarth and Griffin. 5 This is consistent 280 with the findings of the current study with walking subjects: with the r.m.s. acceleration 281 constant, the 'discomfort or difficulty' ratings, the reported probability of losing balance, and 282 the peak mediolateral COP velocity all increased with increasing peak acceleration of 1-Hz 283 oscillations (Figs 4a, 4b and 4c ). With 2-Hz oscillation, although there was a slight effect of 284 peak acceleration on the 'discomfort or difficulty' ratings, the peak reported probability of 285 losing balance and the mediolateral COP velocity were not affected by changes in the peak 286 magnitude (Figs. 4d, 4e and 4f ).
287
The subjective ratings and the objective measurements of COP velocity suggest 288 postural instability when walking is sensitive to the peak magnitude of 1-Hz mediolateral 289 oscillations but not the peak magnitude of 2-Hz mediolateral oscillations. Arranging the 290 placement and timing of stepping reactions, subjects might have better adapted to 1 Hz 291 oscillations being closer to their walking frequency under experimental conditions and 292 overcome the perturbations by wider and more synchronized stepping. The strategy to 293 synchronize with the motion might make it important when and how much the peak oscillations 294 occur during the gait cycle. However, when exposed to 2 Hz oscillations, higher than walking 295 frequency in experimental conditions, subjects might not have found the time to overcome the 296 effects of perturbation on their stability and peaks might lose their importance. With high 297 magnitude oscillations at 2 Hz it is also likely that discomfort rather than postural stability is a 298 concern for walking subjects (Fig 4d vs Fig 4e) . With higher frequencies of oscillation, the 299 displacements are smaller even though the velocity is the same. So for a given velocity, there 300 is a frequency above which the peak displacement will be insufficient to cause instability.
With 1-Hz oscillations, there were similar positive associations between 'discomfort or 302 difficulty' ratings and both the peak acceleration and the r.m.s. acceleration, (nrms=0.597 and 303 npeak=0.508), suggesting that both the peak value and the r.m.s. value contributed to the 304 'discomfort or difficulty' caused by 1-Hz oscillations. With 2-Hz oscillation, the association 305 between 'discomfort or difficulty' was much stronger for the r.m.s. magnitude of the 306 acceleration than the peak acceleration (compare Figs 4d and 5d ). This suggests that with this 307 higher frequency of oscillation the r.m.s. acceleration provides a reasonable indication of the 308 'discomfort or difficulty' of a walking task, even when there are transients with dominant 309 motions around this frequency.
310
The 'discomfort or difficulty' ratings, the reported probability of losing balance, and 311 the mediolateral r.m.s. COP velocity increased with increasing r.m.s. acceleration at both 1 Hz 312 and 2 Hz (Figs 5a, 5b,5d and5e ). The r.m.s. acceleration therefore seems to be an appropriate 313 measure to quantify the magnitude of oscillations at both frequencies if the peak magnitudes is 314 the same.
315
The mediolateral velocity of the COP was influenced by the perturbations to walking 316 used in the current study and was strongly associated with the subjectively reported probability The mediolateral COP r.m.s. velocity and the reported probability of losing balance 326 were similar for oscillations having similar r.m.s velocity (Fig. 6 ). This is consistent with Sari 327 and Griffin who found that, over the frequency range 0.5 to 2 Hz, postural instability was better 328 predicted by the r.m.s. velocity of sinusoidal motions than either the displacement or the 329 acceleration of the motion. 15 However, the current findings show that the problems caused by 330 mediolateral oscillation when walking cannot be predicted solely from the r.m.s. velocity and 331 that the peak velocity should also be considered.
The walking speed of 0.7 ms -1 used in this study is slower than normal walking but it 333 was the preferred speed for subjects walking in the laboratory environment on a treadmill 334 attached to a 6-axis motion simulator that was expected to move. The findings of the study will 335 mostly be applicable to environments within transport (e.g., trains, buses, and ships) where 336 walking speed is slower than when walking in stationary environments.
337
In this study, each subject provided a single response to each 8-s perturbation. Previous 338 experience with such stimuli suggested a single response was sufficient and avoided both 339 familiarisation with individual stimuli and fatigue due to long periods of perturbed walking 340 15,16 . Each subject was exposed to 56 motions during the experiment in addition to prior training 341 on the experimental method and experiencing example motions.
342
It can be concluded that walking stability while exposed to various waveforms of 343 mediolateral oscillations of the supporting surface is influenced by the peak magnitude of the 344 oscillation, and not only the r.m.s. magnitude. The r.m.s. magnitude is therefore not the 345 optimum method of predicting the postural stability of walking subjects exposed to Figure 4 For oscillations having the same r.m.s. acceleration, with increasing peak magnitude of acceleration at 1 Hz (left figures) and 2 Hz (right figures): (a, d) 'discomfort or difficulty' ratings increased (p<0.01, Spearman); (b, e) reported probability of losing balance increased at 1 Hz (p<0.01, Spearman) but was not significantly affected at 2 Hz (p=0.157, Friedman); (c, f) peak mediolateral r.m.s. COP velocity increased at 1 Hz (p<0.05, Spearman) but was not significantly affected at 2 Hz (p=0.258, Friedman). The medio-lateral peak COP velocity was less during normal walking without oscillation () than during any oscillation at either 1 Hz or 2 Hz. Medians and inter-quartile ranges from 20 subjects. 
